We have developed a technology for analysis and sorting of live cells according to secreted molecules. An artificial affinity matrix, specific for the secreted product of interest, is created on the cell surface, and the cells are allowed to secrete for a defined time period. The secreted molecules bind to the affinity matrix on the secreting cell and are subsequently labeled with specific fluorescent or magnetic staining reagents for cytometric analysis and cell sorting. Crossfeeding of the secreted products to other cells is prevented by decreasing the permeability of the incubation medium. This approach will have a wide range of applications in biotechnology and biomedical research. Here, we describe analysis and sorting of hybridoma cells, according to secreted antibodies, and of activated T lymphocytes, according to secreted cytokines.
Proteins and other cellular products can be expressed either intracellularly, on the cell surface, or by secretion into the extracellular space. Despite its biological significance, only a few methods are presently available for the analysis of secreted products on the single cell level. This situation is mainly because secreted cellular products are hard to assign to the secreting cell, especially in a quantitative way. In the currently available protocols, the plaque assay (1) , the ELISPOT assay (2) , and the microdroplet technology (3), secreting cells are fixed in or on support matrices, which trap the secreted products for analysis. These approaches impose severe limitations because the secreted molecules still dissociate from the cell, and trapping matrix and cells must form a unit for further analysis and sorting of the cells. Here we describe another concept for cytometry and sorting of live cells based on secreted products. Basically, the secreted product is retained on the cell surface of the secreting cell, making it accessible to the powerful technologies for detection of surface markers. As shown schematically in Fig. 1 , an affinity matrix for the secreted product is generated by attaching a specific antibody to the cell surface. Subsequently, the cells are allowed to secrete their products under defined conditions into a medium of low permeability for the secreted product. After removal of the cells from the incubation medium, they are stained for the secreted product, which is now bound to the cell-surface affinity matrix, with specific fluorochrome-, hapten-, or particle-labeled "detection" antibodies or other staining reagents. MATERIAL ants (12) , and for "artificial" antigen presentation (13), specific ligands have been conjugated to the surface of cells before, by a variety of methods. For the quantitative analysis of secreted products, the cell-surface affinity matrix should be of ample capacity, without being harmful for the cell. We have used two approaches to attach specific "catching" antibodies to the surface of living cells without damaging them, both based on the avidin/biotin technology. In all experiments shown here we used direct biotinylation of the cell-surface proteins with biotin-hydroxysuccinimide ester. A palmitylic acid-dextran-biotin conjugate was also used (data not shown).
Other methods such as the use of bispecific antibodies may be as feasible.
Viability of the biotin-labeled cells was not impaired as judged by propidium iodide uptake in flow cytometric analysis (data not shown), or function, as far as tested (see below). To create a specific immunoaffinity matrix on the biotinylated cells, antibodies specific for the secreted molecules were conjugated to avidin, and the cells were labeled with the avidin-antibody conjugates. These catch-antibodies were detectable on the cell surface by staining with fluorescencelabeled antibodies. After 48 hr in culture no antibody-avidin conjugates were detectable on B1-8 hybridoma cells (data not shown).
Sensitivity of the Affinity Matrix. The suitability of an affinity matrix for quantitative analysis of secreted products depends largely on the binding constants of the affinity receptor and on the local concentration of the secreted product in the vicinity of the cell, which, in turn, depends on the package size, frequency, and concentration of exocytosis and the speed of diffusion through the medium of low permeability. For steady-state concentrations of the secreted product, the sensitivity and dynamic range of a given cellular affinity matrix can be measured by titrating various amounts of isolated "secreted product" into the culture medium, staining the cells with the detection antibody, and quantitating the staining by flow cytometry. In the example shown in Fig. 2 , the mean fluorescence of affinity-matrix-coated cells stained with externally added "secreted product" at 0.03 ,ug/ml is clearly distinguishable from the mean fluorescence of unstained cells and thus defines the limit of sensitivity of this particular affinity matrix. Staining increases linearly until a maximum capacity of the affinity matrix at "10 ,ug/ml. While the sensitivity of the matrix is a function of the affinity of the catch-antibody, the maximum capacity depends on how many catch-antibodies can be attached to the cell surface. It will usually be sufficient to control the characteristics of a particular matrix by adding a saturating amount of secreted product externally (Fig. 3) to determine the capacity of that matrix.
Kinetics of Capturing. The usefulness of a cellular affinity matrix for the analysis of secreted products depends entirely on (i) whether it is sensitive enough to detect the secreted products at all and (ii) whether it has sufficient capacity to collect secreted molecules in the linear dynamic range over an acceptable time period. This relationship is shown in Fig. 3 Time, min   FIG. 3 . Kinetics of an affinity matrix. B1-8 IgM, A antibodysecreting hybridoma cells were coated with an anti-A affinity matrix and allowed to secrete into RPMI 1640/40% gelatin for various time periods (-) in a humid atmosphere with 5% C02/95% air. The cells were then washed, stained for IgM, and analyzed by flow cytometry as described above. A, Unstained cells; 0, cells not coated with an affinity matrix but stained for IgM after incubation in gelatinous medium for various time periods; o, cells without affinity matrix, which had been incubated in gelatin medium and subsequently labeled with B1-8 IgM at 10 ,ug/ml and stained for bound IgM; and A, cells coated with an affinity matrix, first incubated in gelatinous medium, then labeled with B1-8 IgM at 10 ,ug/ml to saturate the affinity matrix, and then stained for IgM, were used as controls.
limiting. Secreted IgM is readily detected at the earliest time point measured. After '10 min, the capacity of the matrix approaches saturation. Thus, within the first 10 min, this affinity matrix can be used to detect quantitative differences in secretion on the single-cell level.
Protection Against Crossfeeding. By definition, the process of secretion separates the secreted product from the secreting cell. In normal medium the secreted product will readily diffuse away and, in the approach described here, will label all cells covered with an affinity matrix, whether they are secreting or not. Fig. 4 shows this condition for B1-8 hybridoma cells, secreting IgM,A antibodies. We solved this problem by decreasing the permeability of the incubation medium for the secreted product, adding 5% (wt/vol) hydroxymethylcellulose or, in the experiment shown in Fig. 4 , 25% (wt/vol) gelatin. Because higher concentrations of gelatin appear to minimize crossfeeding, which is particularly relevant for smaller secreted products such as INF--y, in all later experiments we used 40% (wt/vol) gelatin. For the time of secretion, the cells labeled with the affinity matrix were incubated in this semisolid, highly viscous medium. The incubation medium was then solubilized *by addition of a 10-fold excess of warm (37°C) PBS, and the cells were recovered by centrifugation. The detection antibody will then see two defined populations in a mixture of secreting and nonsecreting cells (Fig. 4) .
Correlation with Intracellular Staining. To prove that the labeled cells are indeed the secreting cells, the mixture of cells, stained on the surface for secreted IgM with a phycoerythrinconjugated anti-IgM, were fixed in formaldehyde, permeabilized with saponin (15) , and counterstained for cytoplasmic IgM with a fluorescein-conjugated anti-IgM, mAb R33.24.12 ( bodies implies that such cells can be sorted according to their secreted products. Here we use cell sorting to further confirm the correlation between cell-surface-affinity-matrix-mediated staining and secretion and to demonstrate that labeling and cell sorting do not affect the cells functionally. (Fig. 6) This method should have a wide range of applications in biotechnology and biomedical research, from (i) analysis and purification of secreting cells before or in the course of production processes, (ii) isolation of rare cells or genetic variants of interest-e.g., high producers, hybridomas or transfectants-to (iii) the analysis of the secretion process and its regulation itself-e.g., by directly analyzing the control of exocytosis or directed secretion-and (iv) the isolation of secreting cells for subsequent molecular and functional studies. For clinical diagnosis and treatment of dysregulation of expression of secreted products, like hormones, viruses, etc., the technology opens additional possibilities for assigning the secreted products to distinct cells in distinct environments. Here, we have described the technology in principle and established it for two different systems of general interest-the characterization and sorting of hybridoma cells and cytokinesecreting T lymphocytes.
